Two distinct strategies were combined to preserve fresh fish (Merluccius merluccius) under refrigeration at 4°C for 12 days: (i) the application of an antimicrobial edible coating enriched with oregano essential oil (OEO) or carvacrol (CV) and (ii) the reduction of initial microbial load by good handling practise and the use of sodium hypochlorite (NaOCl). The action of antimicrobial coatings alone retarded the growth of Enterobacteriaceae, lactic acid bacteria (LAB) and H 2 S producing bacteria on fish samples. The reduction of initial microbial load by itself only affected the evolution of LAB, but not the rest of the bacterial groups. When using both techniques combined, edible antimicrobial coatings were significantly more effective with additional and significant delays in the growth of mesophilic, psychrotrophic and Pseudomonas bacteria. Thus, the use of both strategies combined resulted in a reduction of the counts of all bacterial groups after 12 days of storage which ranged from 1.5 log and 8 log, in Pseudomonas and H 2 S producing bacteria, respectively. Moreover, no significant differences were observed when comparing the microbiological evolution of samples treated with OEO compared to those only treated with CV.
Introduction
Fresh fish is a highly perishable food product, thus, increasing its shelf-life is crucial for this industry. The major cause of deterioration is bacterial growth. The fresh fish industry has been applying a number of preservation technologies to reduce the proliferation of microorganisms. Disinfection is one of the strategies employed to reduce the bacterial load on fresh fish. NaOCl is used as a disinfectant in the Fish Industry. Chlorinated water is widely used for both washing fish and cleaning processing surfaces and is recommended by International Organizations (FAO/WHO, 2008) . The most commonly used forms of chlorine in the fish industry are Ca(ClO) 2 and NaClO. The bactericidal effect of chlorinated water is based on its strong, penetrating, oxidising action on the enzyme system of the bacterial cell (Bremer & Osborne, 1998) . The concentration of chlorine used in the fish industry depends on the fish species and the target microorganism.
Thus, Bremer & Osborne (1998) described that water containing free chlorine at 200 mg L À1 could eliminate over 99% of Listeria monocytogenes in King Salmon. A similar procedure was reported to control L. monocytogenes in shrimp (FAO/WHO, 2008) . Other preservation technologies that are commonly used to extend the shelf-life of fresh fish include refrigeration (around 4°C) along with modified atmosphere packaging (MAP).
The use of edible antimicrobial coatings in fish preservation has been proposed as a new tool to control food microbial growth. Antimicrobial edible coatings are formed directly on the fish product, maintaining a high concentration of the active compounds where they are especially necessary, that is, on the fish surface. Edible coatings are made of a wide variety of raw materials which include polysaccharides, proteins and lipids (Kilincceker et al., 2009) . Edible coatings based on whey protein isolate (WPI) are considered to be good barriers to oxygen, lipids and odours. In addition, WPI is characterised to be an excellent emulsifier which makes it a suitable matrix for hydrophobic compounds including many antimicrobial agents such as select essential oils (Bakkali et al., 2008) .
Essential oils are natural mixtures of chemical compounds biosynthesized by plants, such as terpenes, alcohols and ketones (Bakkali et al., 2008) . Due to its antimicrobial properties, essential oils have been used to enrich edible films and coatings. Essential oil compounds including CV, thymol and eugenol have been identified to exhibit antibacterial characteristics (Burt, 2004) . Gram-negative bacteria are generally less susceptible to essential oils than gram-positive ones. A recent study (Carri on-Granda et al., 2017) evaluated the antimicrobial activity of two major active compounds (thymol and CV) present in the essential oils oregano and thyme against twelve bacteria related to the spoilage of fish products. The results of this study exhibited a greater efficacy of CV than thymol. On the other hand, the two active compounds had a lower bacterial inhibition capacity compared to their corresponding essential oil, possibly due to a synergistic effect of CV and thymol with some of the other compounds that are part of the Oregano and/or Thyme essential oil extracts. It is essential to assess whether or not these same differences hold true in an in vitro situation. Thus, an in vitro evaluation is included in the present research.
Antimicrobial edible coatings with essential oils incorporated have been applied to fish for shelf-life studies. Pyrgotou et al. (2010) evaluated the effect of OEO combined with MAP on fresh rainbow trout fillets stored at the refrigeration temperature of 4°C for 21 days. These authors observed Enterobacteriaceae, LAB and H 2 S producing bacteria growth inhibition. Hosseini et al. (2016) studied the effect of a fish gelatine coating containing OEO on the shelf-life of rainbow trout fillets under refrigeration. A significant delay in the growth of mesophilic bacteria was demonstrated.
Most of these shelf-life studies did not consider the initial microbial load of the fresh fish to be a factor, which could have influenced the results. According to the International Commission on Microbiological Specifications for Foods, most aquatic animals at the time of harvest had microbial counts in the range of 10 2 -10 5 CFU g À1 (ICMSF, 2005) . € Ozean & Erkmen (2001) studied the antimicrobial activity of the essential oils of nine plants spices, among them OEO, against ten bacterial strains involved in food spoilage. They concluded that all food products require a very low initial microbial load for increased shelf-life when using essential oils. Another recent study (Carri onGranda et al., 2018) evaluated the effect of a WPI based coating enriched with oregano or thyme essential oils in combination with MAP technology on the shelf-life of hake fillets. When special hygienic care was taken with the fillets during cleaning and deboning, an initial lower microbial load was accomplished. This initial reduced microbial load was illustrated to significantly improve the effectiveness of the posterior treatments. Therefore, it is necessary to evaluate the influence on the effectiveness of the coatings when a greater reduction of the initial microbial load is achieved.
Thus, the main objective of this research was to study the effect of an antimicrobial WPI based coating on the shelf-life of fresh hake medallions with various levels of initial microbial loads. A second objective was to compare the two antimicrobial agents, OEO with CV, in order to confirm the possible synergistic effect of the other components constituting OEO on the evolution of the microbiological quality of fresh hake. 
Materials and methods

Materials
Preparation of hake medallions
Three types of hake medallions (M. merluccius) with different microbial loads were used for tests A, B and C. Test A corresponded to the least strict hygienic conditions whereas test C the most intense one. To complete each test, eight hake individuals of average weight of 0.70 Kg and average length of 35 cm were necessary. In all cases, fresh hake was purchased from a local fishery in Pamplona, Spain and transported in a cooler filled with ice to our lab. For test A, the hake was eviscerated and filleted at the fish market and medallions were obtained aseptically (inside a laminar flow chamber) in the laboratory. For test B, whole eviscerated hake was purchased then filleted and cut to obtain medallions aseptically in our lab inside a laminar flow chamber. For test C, pieces of whole hake were acquired in the market and taken to the lab where they were first submerged for 1 min in 15 L of cold water (approximately 4 AE 2°C) containing 250 mg L À1 of NaOCl; then the pieces of hake were eviscerated and washed with tap water and finally filleted and cut to obtain medallions inside a laminar flow chamber. For the three tests, the medallions employed weighed approximately 25 g each. Three medallions were prepared per sample.
Preparation of the antimicrobial film-forming solutions (FFS)
Three hundred milli litres of FFS was prepared for each treatment following the procedure described by Carri on-Granda et al. (2018) . Firstly, a solution of WPI at 10% (w/w) and glycerol at 5% (w/w) in distilled water was prepared. The solution was heated in a water bath at 90°C for 30 min under constant stirring after which it was cooled to room temperature. Then, OEO or CV was added at 3 or 2.16% (w/w) respectively. The amount of CV corresponded to its concentration in a 3% OEO solution. Finally, FFS were homogenised by sonication (UP 400, HUT, Germany) using a 7 mm diameter tip for 5 min at 100% amplitude. During sonication each FFS was maintained in an ice water bath to avoid temperature raises over 30°C.
Preparation of coated samples
For the coating, each fish medallion was first dipped in 150 mL of FFS for 1 min; the excess FFS was allowed to drip off for 45 s, and samples were then dried for 5 min under an air stream. After this process, the medallions were dipped again in the FFS for 1 min, drained for 45 s and dried again under an air stream for 30 min. The coated fish samples plus controls were packaged in polypropylene trays, heatsealed and stored at 4°C AE 1°C for 12 days.
In each test, three replicates were established for each treatment. Each replicate consisted of one fish medallion. The experimental groups were as follows: (i) Control group (C): uncoated hake medallions; (ii) WPI group: hake medallions coated with FFS without OEO or CV; (iii) WPI + OEO group: hake medallions coated with FFS enriched with 3% OEO and (iv) WPI + CV group: hake medallions coated with FFS enriched with 2.16% CV.
Microbiological analysis
At days 0, 4, 8 and 12 of storage, fish samples from the three trials (A, B and C) of each of the treatments were collected for microbiological analysis. Hake medallions were aseptically weighed, placed in sterile plastic bags (BagPage, Interscience-France) and homogenized with 225 mL of buffered peptone water (pH 7 AE 0.1 at 25°C) (Cultimed, Spain) using a stomacher (Stomacher 400, London-UK) for 2 min. Decimal dilutions were prepared which were then seeded on the surface of culture media (agar) using a spiral planter (Eddy Jet 2 for spiral seeding IUL, USA). Table 1 describes the microorganisms that were evaluated for each sample. The results were expressed in log CFU g À1 . The maximum growth ranges will be in accordance with the European Regulations (EC, 2005) . In addition, values <1 log CFU g À1 are considered to have an undetectable concentration of microorganisms.
Data analysis
All tests were performed in triplicate. The statistical analysis was performed using SPSS software (SPSS Inc., Chicago, IL., USA). Duncan's multiple range test was used to observe significant differences (P ≤ 0.05) between the means of the variables.
Results and discussion
Microbiological quality of fresh fish
The microbiological quality of fresh hake medallions (uncoated control group) was evaluated at time zero in test A, B and C. As shown in Fig. 1 , the counts of all bacterial groups except LAB, were significantly lower (P < 0.05) in test C samples and significantly higher (P < 0.05) in the test A samples; in all cases, intermediate values were found for the samples from test B. In the case of LAB the growth was <1 log CFU g À1 at time zero for the three tests. In addition, for all of the tests the counts of mesophilic bacteria did not exceed the legal limit for marketing (6 log CFU g À1 ), according to the current legislation (European Commission, 2005) . However, total counts of Enterobacteriaceae in test A (4.27 log CFU g À1 ) and in test B (3.19 log CFU g À1 ) exceeded the maximum legal amount for commercialisation (3 log CFU g À1 ); this was not the case for test C (<1 log CFU g À1 ). When applying a NaOCl solution as a surface disinfectant (test C), the initial microbiota present on the surface of the fish was considerably reduced, thus, minimising the contamination of the hake medallions during filleting. Therefore, the bacterial load present on fish skin was demonstrated to be critical for the microbiological quality of fresh medallions. As is commonly known, live and healthy fish do not contain microorganisms in their flesh. Microorganisms are only located on their skin, gills and digestive track (Boziaris & Parlapani, 2017) . Aponte et al. (2018) reported microorganism values higher than 3 log CFU cm À2 on the skin of cod 2 days after fishing. These authors also quantified how flesh was being contaminated during preparation of fish samples. Thus, if microbial load on the fish surface is reduced, the microbial quality of processed fish would be improved as illustrated in our results.
The total counts of microorganisms in fresh fish from test A at time zero were similar to the results reported by Carri on- Granda et al. (2018) , who used fresh hake filleted at the fish market. This author reported the presence of mesophilic, psychrotrophic bacteria and Pseudomonas spp. at very high levels (>5 log CFU g À1 ). Ozogul & Uc ßar (2013) used fresh fish filleted at the fishery to evaluate the antimicrobial activity of different essential oils, and also observed at the beginning of the test for the control group, total counts of mesophilic bacteria and psychrotrophic bacteria >5 log CFU g À1 . In addition, Bensid et al. (2014) reported values related to the growth of mesophilic and psychrotrophic bacteria similar to those reflected in test B; likely due to the fact that the fresh fish was filleted under laboratory conditions. In test C of the present study, the initial concentrations of mesophilic bacteria (3.53 log CFU g À1 ) and psychrotrophic bacteria (3.21 log CFU g À1 ) were significantly lower than those reported in the previous studies, although similar to the ones reported by Jasour et al. (2015) . In this research the uncoated fresh fish medallions were immersed in purified water, likely reducing the initial microbial load.
Shelf-life of uncoated samples
The evolution of the microbial quality of uncoated fish samples with distinct levels of initial microbial load is shown in Fig. 1 . In most of the bacterial groups studied (except LAB), the differences in microbial counts observed at time zero among tests were not maintained after 8 or 12 days storage at 4°C. Therefore, the growth rate of these bacteria groups in test C (most strict starting hygienic conditions) was faster than in samples from test A or B.
The counts for LAB were ≤1 log at time zero for all of the tests. However, the evolution of the LAB growth was significantly different (P < 0.05) in test C compared to A or B. In the former there was no detectable bacterial growth during the 12 days of the experiment. In tests A and B there was fast growth during the first 4 days and slower growth thereafter.
The microbial concentration after 8 days was in both cases ≥6 log indicating a quite intense contamination.
Thus, the presence of LAB bacterial group could be controlled by implementing an improvement of the hygienic conditions during handling and processing and performing a surface disinfection treatment (with NaOCl solution) on the whole fish. However, this approach was not enough to increase shelf-life longer than 4 days, since it was not effective for the rest of the bacterial groups. An extra strategy, such as the use of an antimicrobial edible coating, would be needed to control microbial growth in fresh hake medallions and achieve a notable increase in shelf-life.
Shelf-life of coated samples
The evolution of the total counts of mesophilic bacteria on coated samples is shown in Fig. 2 . In test A, during the first 4 days of storage, the proliferation of mesophilic bacteria was significantly lower (P < 0.05) in hake medallions coated with WPI + OEO or WPI + CV (>6 log CFU g À1 ), compared with the control group (>7 log CFU g À1 ). However, after 8 or 12 days of storage, no differences were observed in the bacterial counts in the different treatments with or without edible coating. In test B, there were no differences between the different treatments (with or without coating) in the evolutions of the microbial counts of mesophilic bacteria. Finally, in test C, a significant (P < 0.05) delay of the growth of mesophilic bacteria after 4 days of storage was observed in samples with an antimicrobial coating (≥4.70 log CFU g À1 ) compared to the control samples (≥5.45 log CFU g À1 ). This significant delay was maintained during the 12 days of storage (Fig. 2) .
Similar behaviour was observed in the growth rate of the psychrotrophic bacteria (Fig. 2) . Thus, for test A after 4 days of storage, total counts in the WPI + OEO and WPI + CV coated medallions were >6 log CFU g À1 and in the control samples >7 log CFU g À1 . After 8 days of storage, there were no differences among samples. In test B, the same growth range was observed in all groups of treated medallions, with and without coating throughout the storage period. However, in test C there was a significant delay in psychrotrophic bacteria growth in fish samples with antimicrobial coatings from day 4 (≥4.85 log CFU g À1 ) compared to control samples (≥5.40 log CFU g À1 ). This delay was maintained during the 12 days of storage.
Pseudomonas spp. proliferation was considerably high (Fig. 3) in tests A and B. Antimicrobial edible coatings were not found to significantly affect the growth of Pseudomonas spp., when starting from a relatively high initial bacterial population. In test C, with a lower initial microbial load, a significant delay (P < 0.05) of Pseudomonas growth was observed in coated fish samples (<1 log CFU g À1 ) in contrast to the control samples (≥4.60 log CFU g À1 ) after 4 days of storage. This significant delay was maintained until day 12 of storage, although the absolute difference was lower (about 1.5 log CFU g À1 ). The results of the evolution of Enterobacteriaceae population in fish samples are shown in Fig. 3 . The evolution of bacterial counts was similar for tests A and B. Thus, in both treatments, after 4 days of storage, although there were significant differences among treatments, the microbial quality in all samples was similar and above >3 log CFU g À1 ; thus, no longer suitable for commercialisation (European Commission, 2005) . The results for test C showed that at time zero the counts of Enterobacteriaceae were very low (<1 log CFU g À1 ) in all samples due to the disinfecting treatment. From day 4 on, the growth of this bacterial group was kept very low (<1 log CFU g À1 ) in samples with an antimicrobial coating treatment. However, counts in Control groups (≥3.80 log CFU g À1 ) increased and were significantly higher than the treated samples as observed in Fig. 3 . Thus, the effect of antimicrobial compounds on this bacterial group in test C was very notable.
The evolution of LAB counts are presented in Fig. 4 . In tests A and B, LAB growth after 4 days of storage was statistically lower in fish samples with WPI + CV compared to that obtained in fish samples with WPI + OEO. In both cases the CFU counts were significantly lower than those from the control group. In both A and B this significant delay in samples with edible antimicrobial coatings was extended up to 12 days of storage (>5 log CFU g À1 ) as compared to the control group samples (>6 log CFU g À1 ). In test C, LAB growth was <1 log CFU g À1 in both fish samples with and without edible coating during the 12 days of storage. This was likely due to the disinfecting effect the NaOCl treatment had on the initial LAB population on the surface of the fresh fish.
The evolution of H 2 S producing bacteria is also shown in Fig. 4 . In test A, the proliferation of these bacteria on fish samples with antimicrobial coating (with OEO or CV) was significantly lower than that on the control samples. This was the case during the whole 12 days of storage. At day 12, the count difference between the treated and control samples was higher than 2.5 log CFU g À1 . The evolution of H 2 S producing bacteria in test B, with a lower starting microbial population, was similar to test A. After 12 days, the difference in microbial counts between treated and control samples was greater than 1.5 log CFU g À1 . Finally, in test C a much more intense inhibition occurred than in the other two tests. During the 12 days of storage the H 2 S producing bacteria counts on fish samples with antimicrobial edible coatings were <1 log CFU g À1 which was significantly lower than the counts for the control which progressively increased from ≥4.46 log CFU g À1 at the 4th day of storage up to ≥8.11 log CFU g À1 at the 12 th day. Thus, in this bacterial group the effect of the initial The overall results presented in herein confirm the potential of edible coatings enriched with OEO and CV to reduce the growth rate of all bacterial groups examined (mesophilic, psychrotrophic, Pseudomonas spp., Enterobacteriaceae, LAB and H 2 S producing bacteria); therefore improving the microbiological quality of fish in cold storage. The extension of that reduction depended on the initial microbial concentration. When using low or intermediate initial microbial quality (tests A and B) there was a reduced impact in the bacterial growth. In the cases of psychrotrophic bacteria and Pseudomonas spp. the reduction was not significant, although in LAB and Enterobacteriaceae it was. However, in all cases the growth inhibition was much lower than when the initial microbial quantity was high (test C). For test C, results showed that the antimicrobial coatings inhibited the growth of some groups (Enterobacteriaceae and H 2 S producing bacteria) and significantly reduced the growth rate of the others. Therefore, the effectiveness of the antimicrobial edible coatings was directly related to the initial bacterial population. Thus, the combined effect of a reduced initial microbial load together with an antimicrobial coating significantly controlled the microbial quality of fresh fish. With the effects of the combination of preservation technologies elucidated in these results the marketable shelf-life of fresh fish could potentially be increased.
Low effectiveness of antimicrobial coatings has been found in the literature, yet these low levels of efficacy could have been related to poor initial microbial quality. Bensid et al. (2014) indicated that at day 3 of fish conservation batches treated with OEO, a mesophilic bacteria population of 6.04 log CFU g À1 exceeding the maximum commercial limit (6 log CFU g À1 ) was detected. The same behaviour was observed in psychrotrophic bacteria (6.15 log CFU g À1 ). Iturriaga et al. (2012) reported that OEO had no inhibitory effect against two bacteria associated with the deterioration of fish (Pseudomonas fluorescens and Aeromonas hydrophila) and against Listeria innocua. The high initial microbial load present in fresh fish in this study (>4 log CFU g À1 ) could have affected the efficacy of the antimicrobial coating treatment. In our lab, Carri on- Granda et al. (2018) reported an improvement in the efficiency of antimicrobial edible coatings combined with MAP technology in hake when special care with the fillet hygiene was taken, thus resulting in a reduced initial microbial load.
Results from test C are consistent with the data published by Hosseini et al. (2016) which reported that an edible coating enriched with OEO applied to fresh fish significantly delayed bacterial growth during 12 days of storage. The initial bacterial load was ≥3 log CFU g À1 for mesophilic bacteria and ≥2 log CFU g À1 for psychrotrophic bacteria. Jasour et al. (2015) significantly reduced initial bacterial load on uncoated samples of fresh fish and reported mesophilic (3.43 log CFU g À1 ) and psychrotrophic bacteria counts (3.33 log CFU g À1 ) similar to test C of our research. They reported that the antimicrobials evaluated had a significant effect during 16 days of storage. It is likely the reduction of the microbial load had a positive effect on these results.
The results of this paper also indicate that there were no significant differences between of the use of OEO and CV as an antimicrobial agent applied on fish through edible coatings. Since the concentration of CV was the same in both OEO and CV coatings, the action of the other compounds present in OEO (6.82% p-cimene, 2.19% thymol, 0.02% eugenol) was considered negligible as compared to the action of CV (72.23%). In addition, the presence of a WPI coating without antimicrobial agent did not have any effect on the evolution of the microbial population. This was expected since WPI does not have any known antimicrobial activity.
Conclusions
In conclusion, a reduction of the microbial load by itself had a limited effect on the evolution of the microbial quality (higher CFU quantities), although it was very effective on the LAB group. In addition, it has been demonstrated that the effectiveness of the antimicrobial coatings was much higher when the surface of the fish had a very low initial microbiological load (experiment C), which implied a synergistic effect between both technologies. It can be concluded that in order to ensure an increase in the commercial life of fresh fish through antimicrobial edible coatings, the fish has to be handled hygienically before the treatment and/or had to be subjected to a superficial disinfection process. Furthermore, no significant differences were found between the antimicrobial effects of coatings with OEO or CV at the same concentrations, demonstrating that the possible synergistic effect of the other components of the OEO had no significant impact.
